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Expression of Oct3/4, Sox2, Klf4, and c-Myc (OSKM)
can reprogram somatic cells into induced pluripotent
stem cells (iPSCs). Somatic cell nuclear transfer
(SCNT) can also be used for reprogramming,
suggesting that factors present in oocytes could
potentially augment OSKM-mediated induction of
pluripotency. Here, we report that two histone
variants, TH2A and TH2B, which are highly ex-
pressed in oocytes and contribute to activation of
the paternal genome after fertilization, enhance
OSKM-dependent generation of iPSCs and can
induce reprogramming with Klf4 and Oct3/4 alone.
TH2A and TH2B are enriched on the X chromosome
during the reprogramming process, and their ex-
pression in somatic cells increases the DNase I
sensitivity of chromatin. In addition, Xist deficiency,
which was reported to enhance SCNT reprogram-
ming efficiency, stimulates iPSC generation using
TH2A/TH2B in conjunction with OSKM, but not
OSKM alone. Thus, TH2A/TH2B may enhance re-
programming by introducing processes that nor-
mally operate in zygotes and during SCNT.
INTRODUCTION
The generation of induced pluripotent stem cells (iPSCs) from
somatic cells by artificial expression of four transcription fac-
tors—Oct3/4, Sox2, Klf4, and c-Myc (OSKM)—had a great
impact on the field of regenerative medicine (Takahashi and
Yamanaka, 2006). Because these factors are highly expressed
in embryonic stem cells (ESCs), this method is based on the
establishment of a transcriptional network in pluripotent cells
by these key factors of ESCs. However, reprogramming of so-Cematic cells was originally demonstrated by producing cloned
frogs using the injection of somatic cell nuclei into Xenopus
oocytes (Gurdon et al., 1958). The cloning of sheep and mice
by somatic cell nuclear transfer (SCNT) has also been success-
fully achieved (Campbell et al., 1996; Wakayama et al., 1998).
Human oocytes also have the capacity to reprogram somatic
cells (Noggle et al., 2011; Tachibana et al., 2013). All four Yama-
naka factors are highly expressed in ESCs but are expressed at
low levels, if at all, in oocytes (see UniGene database, http://
www.ncbi.nlm.nih.gov/UniGene/), suggesting that other reprog-
ramming factor(s) is present in oocytes. Oocytes contain many
maternal proteins that are transmitted to zygotes to support their
early development (Li et al., 2010). Zygotes retain this reprog-
ramming capacity (Egli et al., 2007), suggesting that the reprog-
ramming factor(s) in oocytes is transmitted to fertilized eggs.
Therefore, the factor(s) enriched in oocytes and zygotes is a
good candidate for these reprogramming factors and could
potentially enhance the in vitro generation of iPSCs.
The zygote and early embryonic blastomere up to at least the
four-cell embryo stage are totipotent (Tarkowski, 1959) and can
differentiate into all embryonic and extraembryonic cell types. By
contrast, blastomeres at later stages and the inner cell mass
(ICM) of the blastocyst, which are the origin of ESCs (Evans
and Kaufman, 1981; Martin, 1981), are pluripotent. After fertili-
zation, the protamine-compacted paternal genome acquires
the histone variant H3.3 (van der Heijden et al., 2005) and the
histone H3K4me3 modification (Torres-Padilla et al., 2006) and
undergoes active DNA demethylation (Mayer et al., 2000), sug-
gesting that an open chromatin configuration is induced in the
paternal genome. Passive DNA demethylation occurs up to the
morula stage (Santos et al., 2002), and an open chromatin
configuration is a hallmark of pluripotent stem cells (Efroni
et al., 2008). However, how open chromatin is generated in
zygotes remains unknown.
Histone modifications are core events in regulation of the
epigenome, and multiple histone variants that affect chromatin
structure have been reported (Banaszynski et al., 2010). It seems
possible to us that histone variants enriched in oocytes andll Stem Cell 14, 217–227, February 6, 2014 ª2014 Elsevier Inc. 217
Figure 1. Developmental Expression of
Histone TH2A and TH2B
(A) The average levels of Th2a and Th2b mRNA in
various tissues and cells relative to the levels in
MEFs are shown ±SD (n = 3).
(B) Immunofluorescence images of TH2A/TH2B
(red) or Oct3/4 (green) stained oocytes and early
embryos. DNA was visualized with DAPI (blue).
Regions marked by white squares are shown at
a higher magnification. m, male pronucleus; f, fe-
male pronucleus; PB, polar body. Scale bars,
50 mm.
See also Figure S1.
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Role of Histone Variants in Reprogrammingzygotes might affect iPSC production by influencing the chro-
matin state. Here, we report that two histone variants, TH2A
and TH2B, which are enriched in oocytes, zygotes, and testis,
stimulate iPSC generation by OSKM. Our results also suggest
that these histone variants play an important role in the induction
of an open chromatin structure in the paternal genome after
fertilization and that relatedmechanismsmay be involved in their
stimulation of somatic cell reprogramming.
RESULTS
Expression of TH2A and TH2B in Oocytes and Early
Embryos
The histone variants TH2A and TH2Bwere originally identified as
testis-specific variants of histone H2A and H2B (Trostle-Weige
et al., 1982; Shires et al., 1976). They are encoded by the unique
genes Hist1h2aa (Th2a) and Hist1h2ba (Th2b), respectively,
which are located at the end of the largest histone gene cluster
(Marzluff et al., 2002). Mouse TH2A and TH2B have 15 and 16
amino acid differences compared with the canonical histones,
H2A and H2B, respectively (Figure S1A available online) (Huh
et al., 1991; Kim et al., 1987). High levels of Th2a and Th2b
mRNA can be detected not only in the testis but also in the
oocyte (Figure 1A). We also detected significant levels of Th2a
and Th2b mRNA in fertilized eggs, and these levels decreased
as the embryos differentiated (Figure 1A). Immunostaining with
TH2A- and TH2B-specific antibodies (Figure S1B) indicated
that both variants are highly expressed in oocytes (Figure 1B).218 Cell Stem Cell 14, 217–227, February 6, 2014 ª2014 Elsevier Inc.Significant immunostaining signals for
TH2A/TH2B were also detected in
zygotes, which decreased during dif-
ferentiation into blastocysts. When the
chromatin-unbound proteins were re-
moved using a Triton X-100-containing
buffer, a significant amount of chro-
matin-bound TH2A/TH2B was detected
in zygotes, and a smaller amount of
TH2A/TH2B was retained in the morulae
and ICM (Figure S1C).
TH2A/TH2B Are Maternal Effect
Proteins
We generated mutant mice that lack both
TH2A and TH2B (Figure S2) becauseseveral lines of evidence suggested that they function together.
The Th2a and Th2b genes are adjacent, and their expression is
controlled by a shared promoter localized between them (Fig-
ure S2A) (Huh et al., 1991). Our differential scanning calorimetry
(DSC) analysis indicated that the TH2A/TH2B complex wasmore
stable than other combinations of canonical histones (data not
shown). To disrupt both the Th2a and Th2b genes, the region
that contains both genes and the common promoter located
between them was replaced by a neomycin (neor) cassette (Fig-
ures S2A–S2C). Although the neo cassette remained in the
Th2a/Th2b/ mice, the expression levels of the Scgn and
Slc17a4 genes, which are adjacent to Th2a and Th2b, respec-
tively (Figure S2E), did not change, suggesting that the neo
cassette did not affect the expression of other genes. Western
blotting using testis extracts demonstrated that the amounts of
the canonical histones H2A/H2B/H3/H4 were similar in mutant
and wild-type (WT) cells (Figure S2D), indicating that a loss of
TH2A/TH2B did not affect the expression of canonical histones.
Genotype analysis of offspring from heterozygous inter-
crosses indicated a normal Mendelian ratio of 1:2:1, and similar
numbers of male and female homozygotes were produced
(Table S1). Intercrosses between female homozygotes and WT
males yielded 2.67 pups per litter, whereas female WT mice
produced 7.21 pups per litter (Table S1). There was no significant
difference in the number of oocytes retrieved after superovula-
tion among WT, Th2a+/Th2b+/, and Th2a/Th2b/ females
(Figure 2A). No significant differences in ovary morphology or
oocyte chromatin structure, as assessed by the presence of
Figure 2. TH2A and TH2B Are Maternal
Effect Proteins
(A) Average numbers of oocytes retrieved 22 hr
after hCG injection are indicated ±SD (n = 5).
(B) In vivo development of embryos from WT and
Th2a/Th2b/ females. Male WT mice were
mated with WT or Th2a/Th2b/ female mice,
and embryos were recovered at indicated dpc.
The percentage of each stage of embryo at various
times is shown.
(C) Impaired development of maternal TH2A/
TH2B-deficient embryos. After the indicated
mating, fertilized embryos were recovered and
cultivated in vitro. See also Figure S3C, which
shows the morphology of embryos at various
times after starting in vitro culture. The percentage
of each stage of embryo at various times after
starting the culture is shown.
(D) EU incorporation. Two-cell embryos were
incubated with EU, and EU incorporation was
analyzed using fluorescence microscopy. Typical
patterns are shown with a higher magnification on
the right. The data for quantification of EU intensity
along the red bars are shown on the right.
(E) Ratio of EU intensity in the nuclei to that in the
cytosol is plotted, and the average is indicated by
the bars (n = 12).
See also Figures S2, S3, and Table S1.
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Role of Histone Variants in Reprogrammingnucleolar markers and H3K4me2, were detected between WT
and mutant mice (Figures S3A and S3B). These results suggest
that oogenesis and folliculogenesis were normal in mutant
mice. When early embryogenesis was examined, only 41% of
the embryos derived from mutant oocytes developed to blasto-
cysts, although 82% of embryos derived from WT oocytes
reached the blastocyst stage (Figure 2B). When fertilized eggs
were cultured in vitro, only 36% of the embryos derived from
mutant oocytes developed to blastocysts, whereas 82% of em-
bryos derived from WT oocytes reached the blastocyst stage
(Figures 2C and S3C). Overall, therefore, it seems that mutant
oocytes showed a reduced capacity for successful embryogen-
esis. Both WT andmutant female-derived embryos (22 of 22 and
16 of 17) incorporated 5-ethynyl-20-deoxyuridine (EdU) at aCell Stem Cell 14, 217–227similar rate at the two-cell stage, indi-
cating that DNA synthesis occurred in a
similar manner in both types of embryos
(Figure S3D). Zygotic gene activation in
two-cell embryos was determined by
measuring the incorporation of 5-ethynyl
uridine (EU; a uridine analog), which
was reduced in approximately 50% of
two-cell embryos derived from mutant
oocytes (Figure 2D). The average level
of EU incorporation in the two-cell em-
bryos derived from mutant oocytes was
59% of the control (Figure 2E). The levels
of transcription-requiring complex (TRC)
proteins (Latham et al., 1992) in two-cell
embryos derived from mutant oocytes
were significantly lower than in control
oocytes (Figure S3E).SCNT experiments were performed using WT and mutant
oocytes. The efficiency of SCNTwas very low, and a comparison
between the WT and mutant oocytes was not possible (Fig-
ure S3F), although a loss of TH2A/TH2B did not completely block
cloning by SCNT. The low efficiency that we observed may be
associated with the use of the BALB/c congenic strain of mice
because it was reported that the efficiency of SCNT using inbred
mice is low (Wakayama and Yanagimachi, 2001). To circumvent
this issue, we examined the parthenogenetic development ofWT
and mutant oocytes and found that the efficiency of blastocyst
development was 81.5% and 71.4%, respectively (Figure 3A),
which suggested that TH2A/TH2B do not affect the activation
of the maternal genome. We then examined whether Nanog
expression from the paternal or maternal genome is affected, February 6, 2014 ª2014 Elsevier Inc. 219
Figure 3. TH2A/TH2B Contribute to
Paternal Genome Activation
(A) Parthenogenetic development from oocytes.
WT or TH2A/TH2B-deficient oocytes were acti-
vated by SrCl2 treatment and cultured. The per-
centage of embryos at each stage of development
at various times after activation is shown.
(B) Nanog-GFP expression from the paternal or
maternal genome. Left panel showsmaleWTmice
harboring a Nanog-GFP-expressing transgene
that were mated with WT or Th2a/Th2b/
female mice. Right panel shows male WT mice
that were mated with WT or Th2a/Th2b/
female mice harboring Nanog-GFP transgene.
The intensity of the Nanog-GFP signal was
measured at the indicated stages, and the average
values relative to the level in a four-cell blastomere
are shown with SEM. *p < 0.05; **p < 0.01; ***p <
0.001. The number of embryos analyzed is shown
above the bars.
(C) Representative images of immunostaining
using anti-H3K4me3 or anti-H3K27me3 (red)
antibodies in zygotes at the PN5 stage, which
were obtained by mating WT (+/+) or Th2a/Th2b-
deficient (/) females with WT males. DNA was
stained with DAPI (blue). Scale bars, 20 mm.
(D) Representative images of H3K14ac (red) im-
munostaining in zygotes at the PN0 and PN2
stages, which were obtained by mating the indi-
cated genotype of females with WT males. DNA
was stained with DAPI (blue).
(E) Representative images of 5mC (green) and
5hmC (red) immunostaining in the zygotes at the
PN5 stage, which were obtained by mating the
indicated genotype of females and WT males.
DNA was stained with DAPI.
See also Figure S3.
Cell Stem Cell
Role of Histone Variants in Reprogrammingbymaternal TH2A/TH2B by using embryos harboring theNanog-
GFP transgene, which expresses the GFP marker from the
promoter of the ESC-specific gene Nanog (Okita et al., 2007)
on paternal or maternal genome. Nanog-GFP expression started
at the eight-cell stage, and a lack of maternal TH2A/TH2B sig-
nificantly reduced the level of Nanog-GFP expression at the
eight-cell, morula, and blastocyst stages from the paternal
genome, but not from the maternal genome (Figure 3B). These
results suggested that TH2A and TH2B in the oocyte contribute
to the activation of the paternal genome.
The level of H3K4me3 in the paternal genome at the PN5 stage
was lower in zygotes lacking maternal TH2A/TH2B than in the
WT zygotes (Figure 3C), suggesting that TH2A and TH2B are
required for the acquisition of this active transcription-asso-
ciated histone mark on the paternal genome. Consistently, the
level of histone H3K27me3, a silencing mark, in the paternal220 Cell Stem Cell 14, 217–227, February 6, 2014 ª2014 Elsevier Inc.genome of maternal TH2A/TH2B-defi-
cient zygotes was higher than in the WT
at the PN5 stage (Figure 3C). Abnormal
H3K4me3 and H3K27me3 levels in
knockout zygotes might be related to
defective H3.3 incorporation. However,
we were unable to assess this because
of the low specificity of the commercialH3.3 antibody, which failed to detect H3.3 in WT embryos.
The level of H3K14 acetylation (H3K14ac) in the maternal
genome at the PN0 stage was lower in the maternal TH2A/
TH2B-lacking zygotes than in the WT zygotes, although no
difference in H3K14ac was detected in the maternal genome at
the PN2 stage (Figure 3D). These results suggested that
chromatin marking of the maternal genome is affected by
maternal TH2A/TH2B at the PN0 stage, but not at the PN2 stage.
DNA demethylation occurs in the male pronucleus after fertili-
zation (Mayer et al., 2000). Staining with an anti-5mC antibody
indicated that the 5mC signal was significantly retained in the
male pronucleus of maternal TH2A/TH2B-deficient zygotes,
whereas it was absent in that of WT zygotes (Figure 3E). DNA
demethylation is catalyzed by TET-mediated hydroxylation of
5mC to 5hmC. The 5hmC signals in the mutant male pronucleus
were lower than those in WT zygotes (Figure 3E). These results
Figure 4. TH2A/TH2B Enhance iPSC Gener-
ation
(A) Nanog-GFP MEFs (male) were infected with
retroviruses to express the indicated factors, and
the percentage of GFP+ cells was analyzed using
FACS on day 10 postinfection (see also Fig-
ure S5A). The mean is indicated by a green bar.
Exp., experiment.
(B) The number of GFP+ colonies and the total
number of ESC-like colonies induced by the two
conditions are shown at various times after infec-
tion. Data from three independent experiments are
shown.
(C) Nanog-GFP MEFs (male) were infected with
viruses to express the indicated three factors with
or without TH2A/TH2B and P-Npm. The percent-
age of GFP+ cells on day 18 postinfection is shown
as the mean value ± SEM (n = 3).
(D) The percentages of GFP+ cells induced by KO
with or without TH2B/TH2A and P-Npm at 25 days
after infection are shown ±SEM (n = 3).
(E) Scatterplots of global gene expression pat-
terns, comparing the indicated types of cells.
iPSCs were used three passages after isolating
the GFP+ colonies. The expression levels of some
critical genes are shown in green. The diagonal
lines indicate 2-fold changes between the two
samples.
(F) Chimeric embryos generated using KOBAN-
induced iPSCs that were produced from CAG-
EGFP MEFs constitutively expressing EGFP.
EGFP signals in the E12.5 embryo (left) and the
gonad (right) were analyzed.
(G) Germline transmission of KOBAN-induced
iPSCs. Adult chimeric mice were generated from
KOBAN-induced iPSCs, which were generated
from Nanog-GFP MEFs (lower left). F2 offspring
were obtained by crossing with ICR mice. The
agouti coat color originated from KOBAN-induced
iPSCs.
See also Figure S4.
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is decreased in the absence of TH2A/TH2B. Taken together,
the H3K4me3, H3K27me3, and 5mC results indicate that
maternal TH2A and TH2B contribute to the changes in the chro-
matin structure of the paternal genome.
Enhancement of iPSC Generation by TH2A and TH2B
We speculated that because TH2A and TH2B contribute to
activation of the paternal genome after fertilization, they might
enhance iPSC generation as well. We therefore examined the
effect of TH2A/TH2B on OSKM-induced iPSC generation using
Nanog-GFP transgenic mouse embryonic fibroblasts (MEFs).
When TH2A and TH2B were coexpressed, the generation of
GFP+ iPSCs by OSKM was enhanced 9-fold, although there
was no effect when either TH2A or TH2B was expressed
separately (Figures 4A and S4A). The oocyte-specific linker
histone H1foo (Tanaka et al., 2001) reduced OSKM-inducedCell Stem Cell 14, 217–227iPSC generation (Figure 4A). Nucleo-
plasmin (Npm), a histone chaperone
enriched in the oocyte, contributes tothe decondensation of sperm chromatin (Philpott et al., 1991).
However, Npm did not stimulate iPSC generation by OSKM
and TH2A/TH2B (Figure S4B). Because the activity of Npm
depends on the massive phosphorylation that occurs during
fertilization (Ban˜uelos et al., 2007), we generated an expression
vector carrying a phosphorylation-mimic form of Npm
(P-Npm), in which 11 predicted phosphorylation sites were
changed to Asp. When P-Npm and TH2A/TH2B were coex-
pressed, they enhanced OSKM-induced iPSC generation
18-fold (Figure 4A). TH2A/TH2B and P-Npm with OSKM also
induced GFP+ iPSC colonies more rapidly than OSKM alone
(Figure 4B). Using OSKM, the average number of GFP+ and
ESC-like colonies on day 19 was 173 and 328, respectively,
and the ratio of GFP+ colonies to ESC-like colonies was 0.53
(Figure 4B). In contrast, most of the ESC-like colonies were
GFP+ when TH2A/TH2B and P-Npm were used in addition to
OSKM (OSKM plus BAN) (Figure 4B). Thus, the ratio of GFP+, February 6, 2014 ª2014 Elsevier Inc. 221
Figure 5. Gene Expression Changes Induced by TH2A/TH2B during
Reprogramming
(A) Endogenous TH2A and TH2B contribute to iPSC generation. Homozygous
or heterozygous TH2A/TH2B-deficientNanog-GFPMEFs (male) were infected
with viruses to express OSKM or OSKM+TH2A/TH2B+P-Npm (OSKM+BAN),
or with viruses containing empty vector. The mean number of GFP+ colonies
(left) or total colonies with GFP+ colonies (right) on day 14 postinfection is
shown as the mean value ± SEM (n = 3).
(B) Induction of endogenous Th2a/Th2b mRNA during reprogramming.
Average values relative to those in the mock-infected MEFs are shown ±SD
(n = 3).
(C) Overlap of TH2A/TH2B-affected genes and the initiation genes during
OSKM-induced reprogramming. Green circles denote genes that were upre-
gulated in WT MEFs infected with viruses expressing OSKM plus TH2A/TH2B
plus P-Npm (OSKM plus BAN) compared with WT MEFs infected with viruses
expressing OSKM (p < 0.05). Blue circles denote genes that were down-
regulated in Th2a/Th2b-deficient MEFs infected with viruses expressing
OSKM, compared with WT MEFs infected with viruses expressing OSKM (p <
0.05). Orange circles denote genes that were upregulated at the initiation
phase during OSKM-induced reprogramming (Samavarchi-Tehrani et al.,
2010).
(D) Gene Ontology (GO) analysis of TH2A/TH2B-affected genes. The y axis
shows the GO term, and the x axis shows the p value for the significance of
enrichment.
See also Figure S5 and Table S3.
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and OSKM plus BAN (p < 0.01).
When only three of the OSKM factors were used (Klf4, Oct3/4,
and c-Myc [KOM]), TH2A/TH2B and P-Npm enhanced KOM-
dependent iPSC production (Figures 4C and S4C). In addition,222 Cell Stem Cell 14, 217–227, February 6, 2014 ª2014 Elsevier Incsignificant numbers of iPSCs were generated using only Klf4
and Oct3/4 (KO) coexpressed with TH2B/TH2A and P-Npm
(KOBAN) (Figures 4D, S4D, and S4E).
Previous reports have shown that the histone deacetylase
(HDAC) inhibitors valproic acid (VPA) and sodium butyrate
(NaB) and the activator of 30-phosphoinositide-dependent
kinase-1, PS48, enhance KO-induced iPSC generation (Huangfu
et al., 2008; Zhu et al., 2010). Because VPA or NaB treatment
impaired the proliferation of cells, especially those that were
expressing TH2A, TH2B, and P-Npm (data not shown), we
examined the effect of these drugs in the presence of IGF-II.
VPA, NaB, or NaB/PS48 stimulated KO-induced iPSC genera-
tion as reported, but these drugs did not stimulate KOBAN-
induced iPSC production (Figure S4F).
Characterization of the KOBAN-Induced iPSCs
The KOBAN-induced iPSCs had similar gene expression pat-
terns to OSKM-induced iPSCs and ESCs but different patterns
from those expressed by MEFs (Figure 4E). The ESC-specific
markers Nanog, Oct3/4, and Sox2 were highly expressed in
the KOBAN-induced iPSCs compared with MEFs. Cluster
analysis revealed a high degree of similarity among three lines
of KOBAN-induced iPSCs, which clustered together with three
OSKM-induced iPSCs and two ESCs but were distant from
MEFs infected with the control empty viruses (Figures S4G
and S4H). The promoter regions of Oct3/4 and Nanog, and
the imprinting region of Snrpn, were hypomethylated in the
KOBAN-induced iPSCs, which is similar to the situation in
OSKM-induced iPSCs and ESCs (Figure S4I).
We used KOBAN to induce iPSCs fromMEFs expressing GFP
from the CAG promoter that is active in most tissues, and these
were utilized subsequently to produce chimeric mice. Embryonic
day 12.5 (E12.5) chimeric embryos expressed GFP in various
tissues, including the gonads (Figure 4F). The chimeric mice
generated using the iPSCs from Nanog-GFP MEFs exhibited a
20%–50% contribution of the iPSCs as judged by the coat color
(Figure 4G). The chimeric mice were mated to produce F2
progeny, in which all tissues showed a contribution of the
iPSC-derived genome (Figure 4G). These results indicate that
the KOBAN-induced iPSCs are pluripotent.
Gene Expression Change Induced by TH2A/TH2B during
Reprogramming
To examine the role of endogenous TH2A/TH2B, we compared
the reprogramming efficiency of heterozygous and homozygous
Th2a/Th2b/ mutant MEFs. The efficiency of iPSC gene-
ration from homozygous mutant cells was a sixth of that of
heterozygous mutant cells (Figure 5A, left), indicating that
endogenous TH2A/TH2B contribute to OSKM-induced reprog-
ramming. In the absence of endogenous TH2A/TH2B, the forma-
tion of GFP colonies, which represent partially reprogrammed
cells, was increased (Figure 5A, right). During reprogramming
by OSKM, endogenous Th2a/Th2b mRNAs, which may con-
tribute to reprogramming, were induced at 6 days postinfection
(Figure 5B).
To identify the genes regulated by TH2A/TH2B, we first
compared the gene expression pattern between WT MEFs
infected with the viruses expressing OSKM or OSKM plus
BAN at 7 days postinfection. Coexpression of TH2B/TH2A and.
Figure 6. TH2A and TH2B Are Enriched on
the X Chromosome during Reprogramming
(A) Distribution of TH2A and TH2B during re-
programming. Male MEFs were infected with
viruses expressing OSKM plus TH2A/TH2B plus
P-Npm, and 7 days after infection, chromatin was
digested with MNase. Isolated mononucleosomes
were subjected to ChIP with anti-TH2A or anti-
TH2B antibodies followed by DNA sequencing
(ChIP-seq). The respective proportions of TH2A
and TH2B peaks distributed on promoter regions
and TSS regions (regions covering TSSs ± 1 kb)
are shown.
(B) Metagene analysis of TH2A and TH2B distri-
bution around TSS.
(C) Distribution of TH2A and TH2B on each chro-
mosome. TH2A and TH2B peaks were plotted for
genome positions from chromosomes 1 to X.
(D) Comparison of TH2A/TH2B localization and
gene expression changes induced by TH2A/TH2B
on chromosomes 3 and X. Upper panels show
overlapped peaks of TH2A and TH2B that were
plotted for genome positions on chromosome 3
and X chromosome. Lower panels show the ratio
of the expression level of genes in MEFs express-
ing OSKM plus BAN to that in Th2a/Th2b-deficient
MEFs expressing OSKM that was plotted for the
genome positions on chromosomes 3 and X.
(E) Comparable efficiency of reprogramming
between male and female MEFs. The mean per-
centages of GFP+ cells induced by OSKM with or
without TH2B/TH2A and P-Npm at 10 days after
infection are shown ±SD (n = 3).
(F) Effect of Xist deletion on the iPSC generation
using TH2A/TH2B. WT or indicated male or female
MEFs carrying Xist mutation and Nanog-GFP
transgene were used for iPSC generation, and the
mean percentages of GFP+ cells induced by
OSKM with or without TH2B/TH2A and P-Npm at
10 days after infection are shown ±SD (n = 3).
See also Figure S5.
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By comparing the gene expression pattern between WT and
Th2a/Th2b/ MEFs expressing OSKM at 7 days after infec-
tion, 972 genes were identified that were upregulated by endog-
enous TH2A/TH2B. Then, comparison of the two groups of
genes from the two experiments showed that 70 genes are
upregulated by both exogenous and endogenous TH2A/TH2B.
When those genes were compared with the initiation genes
that are upregulated at an early stage during OSKM-induced
reprogramming (Samavarchi-Tehrani et al., 2010), 347 of 1,583
genes (22%) overlapped. This indicated that TH2A/TH2B might
regulate the expression of a different set of genes than OSKM.
We examined the DNA methylation of certain reprogramming-
regulating genes at various times during reprogramming.
TH2A/TH2B/P-Npm enhanced the DNA demethylation of the
Nanog gene (Figure S5A).Cell Stem Cell 14, 217–227We have examined how much TH2A/
TH2B are expressed during iPSC gene-
ration. The levels of TH2A/TH2B in
MEFs infected with viruses expressingOSKM plus BAN relative to endogenous H2A and H2B in ESCs
or iPSCs were 3.6% and 5.6%, respectively (Figures S5B and
S5C). Most TH2A and TH2B were recovered in the pellet chro-
matin fractions, indicating that these histones are primarily
deposited into chromatin (Figure S5D).
Localization of TH2A/TH2B on the X Chromosome
during Reprogramming
To understand the mechanism by which TH2A and TH2B sti-
mulate reprogramming, we analyzed the binding sites of TH2A/
TH2B. Mononucleosomes were isolated from male MEFs
7 days postinfection with viruses expressing OSKM, TH2A/
TH2B, and P-Npm, and chromatin immunoprecipitation
sequencing (ChIP-seq) analysis was performed. TH2A/TH2B
exhibited no bias toward gene regulator elements such as
promoter or transcriptional start sites (TSSs) (Figure 6A). TH2A, February 6, 2014 ª2014 Elsevier Inc. 223
Figure 7. Open Chromatin Structure Induced by TH2A and TH2B
(A) Model structure of the nucleosome containing TH2A/TH2B suggests a
more open structure compared with the nucleosome containing H2A/H2B.
(B) Increase in DNase I sensitivity induced by TH2A/TH2B. Nuclei prepared
from NIH 3T3 cells expressing the indicated proteins were incubated with
DNase I for the indicated time, and the average amount of digested DNA is
shown ±SD (n = 3).
(C) MNase sensitivity was not affected by TH2A/TH2B. Nuclei were prepared
from three types of NIH 3T3 cells expressing the empty vectors (Vec), TH2A/
TH2B and P-Npm, or H2A/H2B and P-Npm. Nuclei were treated with various
amounts of MNase, and the digested DNA was analyzed by agarose gel
electrophoresis.
See also Figures S6 and S7 and Table S2.
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than being involved in the regulation of specific genes. TH2B,
but not TH2A, was depleted from the TSSs of many genes
(Figure 6B). Comparison of TH2A/TH2B localization between
different chromosomes showed that both TH2A and TH2B
were enriched on the X chromosome (Figure 6C): some TH2A/
TH2B were bound to all autosomes, but this amount was less
than that on the X chromosome. We further examined the224 Cell Stem Cell 14, 217–227, February 6, 2014 ª2014 Elsevier IncTH2A/TH2B distribution on chromosomes X and 3. TH2A and
TH2B were localized almost uniformly along both chromosomes
(Figure 6D, upper). Note that the apparent lack of TH2A/TH2B
on one specific region on both chromosomes was caused by
difficulties in mapping sequence reads containing repetitive
sequences and, therefore, does not necessarily indicate an
absence of binding. To examine the effect on gene expression
of TH2A/TH2B binding, the ratio of the expression level of genes
in MEFs expressing OSKM plus BAN to that in Th2a/Th2b-
deficient MEFs expressing OSKM was plotted for the positions
on chromosomes 3 and X. Although TH2A/TH2B tended to stim-
ulate transcription of many genes on the X chromosome, TH2A/
TH2B also suppressed the transcription of some genes on chro-
mosomes 3 and X (Figure 6D, lower). These results indicated that
TH2A and TH2B do not simply regulate the transcription of
specific genes. Quantitative ChIP (qChIP) analysis indicated
that both TH2A and TH2B are enriched in three genes on the
X chromosome (Kdm5c, Nr0B1, and Zdhhc15), whereas a
considerably lower amount of TH2A/TH2B was present in the
Skor2 gene on chromosome 18 (Figure S5E).
The reprogramming assays shown in Figures 4 and 5
were performed using male MEFs. To determine whether the
number of X chromosomes present affects reprogramming, we
compared the reprogramming efficiency of male and female
MEFs. TH2A/TH2B and P-Npm (BAN) enhanced the OSKM-
induced reprogramming of male and female cells to a similar
degree (Figure 6E). A previous study showed that the cloning
efficiency of Xist knockout nuclei by SCNT was much higher
than that of WT nuclei (Inoue et al., 2010). To examine the rela-
tionship between this result and our findings, we tested iPSC
generation from WT and Xist mutant MEFs. The efficiency of
iPSC generation from Xist mutant male and female MEFs was
3.6- and 2.4-fold higher than that of WT cells, respectively,
when TH2A/TH2B were used together with OSKM (Figure 6F).
Thus, it seems as though addition of TH2A/TH2B to the somatic
cell-reprogramming process leads to greater similarity to
oocyte-based reprogramming and SCNT.
TH2A/TH2B Induce an Open Chromatin Structure
To understand the mechanism by which TH2A and TH2B
regulate chromatin structure, we compared the structural
features of nucleosomes containing canonical histones or
TH2A/TH2B to the model derived from the crystal structure of
a nucleosome containing the canonical histones (Luger et al.,
1997) (Figures 7A and S6A). The number of strong hydrogen
bonds (interaction within 3.5 A˚) in the nucleosomes that con-
tained TH2A/TH2Bwas decreased compared with nucleosomes
that contained canonical histones (Table S2), which suggests
that a more open chromatin structure exists in the nucleosomes
containing TH2A/TH2B.
This possibility was examined further by comparing the DNase
I sensitivity of nucleosomes containing TH2A/TH2B or canonical
histones. The level of TH2A/TH2B expression during reprog-
ramming is low, partly because only a small fraction of cells
expresses TH2A/TH2B. Nevertheless, when we examined the
DNase I sensitivity during reprogramming using MEFs at
7 days postinfection, we observed a nonsignificant tendency
for TH2A/TH2B to enhance DNase I sensitivity (Figure S6B). To
examine this finding more specifically, we isolated an NIH 3T3.
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selection of neor cells after infection with a retrovirus expressing
both TH2A/TH2B and the neor gene. The nuclei from NIH 3T3
cells expressing TH2A, TH2B, and P-Npm exhibited higher
DNase I sensitivity than those from cells overexpressing canon-
ical histones (Figure 7B). In these NIH 3T3 cells, the expression
levels of TH2A and TH2B relative to endogenous H2A and H2B
were 32% and 33%, respectively, and most of the TH2A/TH2B
were deposited into chromatin (Figures S7A and S7B). There
was no difference in the micrococcal nuclease (MNase) sensi-
tivity of the nuclei from different cell lines (Figure 7C). TH2A/
TH2B also did not affect the level of histone H3K9me3 (Figures
S7C and S7D). Overall, however, our results suggest that the
presence of TH2A/TH2B induces a more open chromatin
structure.
DISCUSSION
TH2A/TH2B Enhance iPSC Generation
TH2A/TH2B and P-Npm enhanced OSKM-dependent iPSC
generation and produced iPSCs with KO alone. TH2A and
TH2B are enriched on the X chromosome compared with auto-
somes, and the iPSC generation using TH2A/TH2B is enhanced
by Xist mutation. We (K.I. and A.O.) recently reported that the
cloning efficiency of both male and female cells by SCNT is
increased by Xist deletion (Inoue et al., 2010), suggesting that
changes in the chromatin structure of the X chromosome affect
the reprogramming process, although the underlying mecha-
nism is unknown. These results suggest that the mechanism of
reprogramming using TH2A/TH2B in conjunction with OKSM
more closely resembles SCNT than conventional reprogram-
ming and that TH2A/TH2B also play a functional role in reprog-
ramming by SCNT. Female mouse iPSCs and ESCs carry two
active X chromosomes, indicating that the inactive X chromo-
some is reactivated during OSKM-induced reprogramming
(Maherali et al., 2007). TH2A/TH2B enhanced OSKM-induced
reprogramming in both female and male MEFs, suggesting that
the mechanism of TH2A/TH2B action is not likely to be asso-
ciated with reactivation of the inactive X chromosome. On both
the X chromosome and autosomes, TH2A and TH2B are distrib-
uted almost uniformly, which is consistent with a recent report
showing that TH2B is not enriched at specific loci in spermato-
cytes and spermatids (Montellier et al., 2013). This suggests
that TH2A and TH2B improve reprogramming by changing the
whole chromatin structure rather than by regulating the expres-
sion of specific genes.
It has been unclear how TH2A and TH2B change the chro-
matin structure of the X chromosome and autosomes. Over-
expression of TH2A/TH2B increases DNase I sensitivity, but
not MNase sensitivity. Transcriptionally active regions are
commonly considered to be more sensitive to DNase I digestion
than inactive regions, but this is not generally observed with
MNase. Therefore, the results indicate that TH2A and TH2B
contribute to the formation of an open chromatin structure.
This result is consistent with a report that a human homolog of
TH2B induces nucleosome instability (Li et al., 2005). Most of
the genes involved in OSKM-induced reprogramming are en-
coded by autosomes. If a structural change of the X chromo-
some affects the expression of those genes, interchromosomalCeinteraction might be involved to regulate the expression of
reprogramming-related genes. Such an interaction between
different chromosomes was demonstrated by Zhao et al.
(2006) and Edelman and Fraser (2012). Further studies are
necessary to determine how the chromatin structure of the X
chromosome influences the reprogramming process.
The Xenopus oocyte-specific linker histone B4 is required
for pluripotency gene activation during nuclear reprogramming
(Jullien et al., 2010), but its mouse homolog H1foo reduced the
efficiency of TH2B/TH2A-mediated reprogramming (Figure 4A).
Overexpression of histone H1 can repress transcription (Hebbar
and Archer, 2008), so if H1foo has a similar effect on the
transcription of many genes, that could explain the reduction in
reprogramming efficiency that we observed. Because Xenopus
does not have TH2A/TH2B homologs, the role of histone variants
in nuclear reprogramming could vary between species.
Open chromatin is a hallmark of ESCs and iPSCs, in which
the overall genome is hyperactive and the levels of hetero-
chromatin are reduced compared with differentiated cells (Efroni
et al., 2008). The open chromatin state in ESCs is maintained
by multiple chromatin-remodeling factors, including Chd1 and
the TIP60-p400 complex (Gaspar-Maia et al., 2009; Fazzio
et al., 2008). Reduction of the Chd1 level in ESCs increased
the amount of heterochromatin, whereas expression of TH2A/
TH2B did not affect the level of H3K9me3, a typical marker
of heterochromatin. These results suggest that TH2A/TH2B
contribute to the reprogramming of somatic cells by inducing
transcriptionally active open chromatin, whereas Chd1 contrib-
utes to the maintenance of an established open chromatin state
in ESCs by suppressing heterochromatin formation.
Genome Reprogramming in Zygotes by TH2A/TH2B
A lack of maternal TH2A/TH2B disturbed activation of the
paternal genome in zygotes. In zygotes lacking maternal TH2A/
TH2B, the levels of H3K4me3 on the paternal genome were
much lower than those in the control WT zygotes. The levels of
5mC on the paternal genome in the zygotes lacking maternal
TH2A/TH2B were higher than those in WT zygotes. In addition,
the paternal genome in the zygotes lacking maternal TH2A/
TH2B contained lower levels of 5hmC. These results suggest
that in the absence of maternal TH2A/TH2B, paternal genome
activation, which accompanies H3K4me3 and DNA demethy-
lation, is defective. Consistent with these observations, the
levels of H3K27me3 on the paternal genome were higher at
the PN5 stage in zygotes lacking maternal TH2A/TH2B.
H3K27me3 is a mark of repressive chromatin, and its formation
is catalyzed by the enzymatic subunit Ezh2 in the Polycomb
repressive complex 2 (PRC2) (Margueron and Reinberg, 2011).
In WT zygotes, the H3K27me3 signals on the paternal genome
started to increase at syngamy, after the PN5 stage, indicating
that a loss of maternal TH2A/TH2B accelerates the formation
of repressive chromatin in the paternal genome. In zygotes
lacking maternal TH2A/TH2B, the level of H3K14ac on the
maternal genome at PN0wasmuch lower than that of the control
WT zygotes, but this decrease was recovered at PN2. These
results suggest that maternal TH2A and TH2B affect the epi-
genetic code of the maternal genome immediately after fertili-
zation but that this effect is not critical for activation of the
maternal genome.ll Stem Cell 14, 217–227, February 6, 2014 ª2014 Elsevier Inc. 225
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TH2A and TH2B also contribute to zygotic gene expression
in early embryos, indicating that these histone variants are
maternal effect proteins. Npm enhanced TH2A/TH2B-depen-
dent reprogramming and is also a maternal effect protein that
is required for zygotic gene activation (Burns et al., 2003).
Thus, at a general level, maternal effect proteins may be good
candidates for stimulators of reprogramming. It was recently
reported that multiple factors, including the transcription factor
Glis1, which is highly expressed in oocytes and zygotes,
enhanced iPSC generation by OSKM (Maekawa et al., 2011),
although the role of Glis1 in early development is unknown.
Further experiments that use other maternal effect proteins
may lead to an identification of new regulators for iPSC
generation.
EXPERIMENTAL PROCEDURES
Expression Analysis of TH2A and TH2B
The equivalent of the total RNA from four oocytes or embryos was used
for each reaction of qRT-PCR. Primer sequences are shown in Table S3.
Rabbit anti-TH2A and anti-TH2B antibodies were produced using specific
peptides as antigens. For immunostaining, oocytes and early embryos were
fixed with 2% PFA in PBS and permeabilized with 0.5% Triton X-100 in
PBS, followed by staining with primary antibodies.
Generation of Mutant Mice Lacking TH2A and TH2B
Th2a/Th2b-deficient mice were generated by homologous recombination
in R1 ESCs. To disrupt both the Th2a and Th2b genes, the 3.7 kb region
that contains the exons of both genes and the common promoter located
between them was replaced by the neomycin (neor) cassette. Two mutant
mouse lines were established from independent ESC clones and then
backcrossed five times or more to BALB/c mice before being used for the
experiments.
Analysis of Early Embryo Development
To examine various histone modifications in one-cell embryos at each stage,
the PN stages were classified based on the pronuclear morphology, DNA
replication measured by EdU incorporation, and hours postfertilization.
Zygotes were cultured in KSOM-AA (Millipore), and EdU was added to the
culture medium 60 min before fixation. The zygotes were fixed with 2% PFA
in PBS and permeabilized with 0.5% Triton X-100 in PBS, and stained with
antibodies specific to each type of histone modification. Anti-mouse or anti-
rabbit IgG conjugated to Alexa Fluor 568 was used as a secondary antibody.
Fluorescence microscopy was performed on a Zeiss Axio Observer, and
image analysis was performed using AxioVision 4.7 software. To analyze
zygotic gene activation by EU incorporation, two-cell embryos were recovered
from ampullae at E1.25 and cultured for 3 hr in KSOM-AA in the presence of
10 mM EU. The embryos were permeabilized with 0.1% Triton X-100 in PBS
and fixed with 2% PFA in PBS. Incorporated EU was detected using the
click-iT RNA Alexa Fluor 488 Imaging Kit (Invitrogen).
Generation of iPSCs
The retrovirus vector to express TH2A and TH2B with an intervening
IRES element was generated using the pDON-AI vector (Takara). The mouse
Npm gene was cloned into the pDON-AI vector. P-Npm was obtained
by changing 11 putative phosphorylation sites into Asp. MEFs were obtained
from embryos (E13.5–E14.5) of transgenic mice harboring the Nanog-
GFP transgene or the CAG-EGFP transgene. By infection of Nanog-GFP
MEFs with various combinations of retroviruses, iPSCs were generated.
The total volume of viral supernatant was kept constant between different
infections by adding the supernatant obtained from empty vector transfec-
tion. The efficiency of iPSC generation was analyzed using fluorescence-
activated cell sorting (FACS) and by counting GFP+, ESC-like, or total
colonies.226 Cell Stem Cell 14, 217–227, February 6, 2014 ª2014 Elsevier IncCharacterization of iPSCs
Whole-genome expression was analyzed using Mouse Gene 1.0 ST array
(Affymetrix) with probes prepared from three biological replicates. Statistical
comparison of microarray expression data sets was performed in R using
the xps package of R-Bioconductor. DNA methylation status was examined
by bisulfite genomic sequencing using the EpiTect Bisulfite Kit (QIAGEN).
Chimeras were generated by morula aggregation.
Native ChIP for Next-Generation Sequencing
Native ChIP was performed as described by Ruthenburg et al. (2011), with the
following modifications: (1) after digestion with MNase, chromatin was
extracted in extraction buffer containing 300 mM NaCl; (2) hydroxylapatite
purification of the nucleosome was omitted; and (3) to prevent cross-reaction,
a peptide corresponding to a potential antibody binding site of the canonical
histone H2A or H2B was added to the antibody-saturated Dynabeads slurry.
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